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MOISTURE PRODUCTION OF A COMMERCIAL LAYING HEN HOUSE 
WITH MANURE BELT 
H. Li, H. Xin, Y. Liang 1  
ABSTRACT 
Moisture Production rate (MP) from animals and their housing components provide fundamental 
data for the engineering design of a building environmental control system. MP of a commercial 
laying hen house with manure belt and tunnel ventilation was measured for a one-year period. 
The MP values included both latent heat loss of the birds and evaporation of moisture from the 
feces on manure belt. During the one-year measurement period, MP varied from 1.57 to 11.74 g 
H2O h-1 kg-1 with housing temperature ranging from 18 to 32 oC. Regression equations were 
established to predict MP of the commercial layer house over common ranges of outside 
temperature (-17 to 29oC), RH (30% to 98%), inside temperature (18-32oC), age condition (20-
42 wk and 97-119 wk) and lighting condition (light or dark). Results from this study provide new 
data for updated standards to be used in design and operation of laying hen houses. 
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INTRODUCTION 
Determination of minimum ventilation rate under cold weather generally relies on moisture 
production rate (MP) data. The International Commission of Agricultural Engineering (CIGR 
1999) published equations for calculating MP of laying hen based on room temperature and body 
mass. ASAE EP270.5 (2003) uses MP data derived by Ota (1961) for MP estimations at different 
room temperatures. House management practices, genetics, and ventilation systems have all 
evolved considerably since then and all the operating parameters may affect MP of the bird. 
Magnitude of MP from the environment is affected by MP at house level includes MP at animal 
level and MP from the surroundings factors such as flooring system, stocking density, watering 
system moisture content of the feed and feeding system, animal activity, and relative humidity 
(RH) (CIGR 1999). The theory of thermodynamics shows that water-vapor pressure differences 
rather than temperature differences govern latent heat transfer. Xin et al. (2001) found that MP in 
modern broiler houses was less than that previously reported in the literature, likely resulting 
from use of nipple drinkers as compared to open-surface (trough) waters. MP of pullets to layers 
at animal level and room level for modern commercial breeds has been measured by Chepet et 
al. (2004) through calorimetoric studies, providing updated information for minimum ventilation 
design of modern laying hen housing.  Measurement of MP for laying hen under commercial 
production conditions will enhance the knowledge of actual MP of the housing system and allow 
for a more efficient design and operation of ventilation systems to control moisture levels inside 
the houses. 
The objectives of this study were 1) to determine MP of modern laying hens in a commercial 
house with manure belt; 2) to compare the results of this study with those currently available in 
the literatures; 3) to develop a best regression model to depict the relationship of MP to 
environmental conditions. 
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MATERIALS AND METHODS 
Laying Hen House Monitored 
A manure belt laying hen house owned by a cooperative egg producer located in north central 
Iowa was used in the study. The layer house had an east-west orientation and a dimension of 18 
m wide×159 m long. The house had an insulated wood-frame construction, with plywood 
interior, metal cladding exterior and a concrete floor. It used a quasi-tunnel ventilation system 
that consisted of 13, 1.2-m diameter exhaust fans and two 0.9-m diameter exhaust fans in each 
end-wall and two rows of continuous slot ceiling inlets (4.5 m interior from each sidewall) 
controlled by static pressure set at 17 Pa (fig. 1). The ventilation fans were cleaned weekly with 
compressed air. The exhaust fans at each end were grouped in pairs that were controlled, in eight 
stages, according to the mean house temperature near the middle of the house. One (minimum 
ventilation fan) of the 0.9-m fans at each end operated continuously. The battery cages were 
arranged in eight cage rows, with three tiers per cage row. 
Production Management 
Bird feces fell directly onto the belt underneath the cages and were conveyed to the west end of 
the house each morning, dumped onto a cross-conveyor and transported outside to a manure 
transport truck. The set points of house temperature were 24.4, 25, 25, 25.6, 25.6, 26.1, 26.1 and 
26.7 oC for the eight fan stages. At the onset of the monitoring study in Jan. 2003, there were 
98,000 Hy-Line W-36 hens at 97 weeks of age. A replacement flock of 100,000 W-36 hens at 20 
weeks of age was introduced into the house in July 2003 (Table 1). Photoperiod remained 
16L:8D during the monitoring period for the first flock; but it started at 12L:12D and was 
increased by 30 minutes per week until it reached 16L:8D for the replacement flock.  The 
average body weight for the two flocks was 1.51 and 1.40 kg, respectively. Ad-lib feed was 
provided with an automatic feed delivery system, and standard commercial egg industry diets 
were used. Nipple drinkers were used. Eggs were collected with a conveyor belt for each deck of 
cages. 
Measurement of Environmental and Production Variables  
The instrumentation and data acquisition systems described by Li et al (2004) were used to 
monitor the physical parameters, including dry-bulb temperature, RH, and ventilation rate. 
Ventilation rate was monitored by one or two ways: direct measurement by monitoring the 
operational duty cycles of exhaust fans whose flow capacity was calibrated in-situ (March to 
December 2003) and/or indirect measurement using CO2 balance method based on metabolic 
rate of the hens (Chepet et al., 2004) (January to June 2003). A fan assessment numeration 
system (FANS) unit (Casey et al, 2004; Gates et al, 2004) was used to individually calibrate 
airflow of all the exhaust fans to derive actual fan performance curves. Subsequently, actual 
airflow through each fan was calculated in conjunction with the measured static pressure. 
Runtime of the 14 paired exhaust fans (except the minimum, continuous ventilation fan) at each 
end was monitored with on/off motor loggers (HOBO on/off motor, Onset Computer 
Corporation) that were attached to the power lines for individual fans. Static pressures of the 
building were monitored at both ends (4-20 mA ± 1% for 0-125 Pa, Model 262, Stage Inc., 
Pittsburgh, PA) and recorded with a 4-channel data logger (Onset Computer Corporation). 
Portable monitoring units (PMUs) as described by Xin et al. (2002) were used to continuously 
collect CO2 concentration of incoming and exhaust air.  Temperature and RH at each end (about 
5 m from the exhaust fans) and in the middle of the house were recorded with portable T/RH 
loggers (0-50°C ± 3%, HOBO Pro RH/Temp, Onset Computer Corporation). Outside 
temperature and RH were also measured with the same type of T/RH loggers. Dry-bulb 
temperature and RH were measured every 30 sec. The T/RH loggers were calibrated by a 
dewpoint hygrometer (-40 - 60°C ± 0.2°C, Model 2000, EdgeTech, MA) twice a year. Semi-
hourly average or instantaneous readings of CO2 concentrations, static pressure, air temperatures 
and fan runtime were processed and analyzed. Data collection was conducted bi-weekly during 
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the 12-month monitoring period. Each collection episode consisted of 48-hour or longer 
continuous measurements.   
Data Processing and Statistical Procedures 
Building ventilation rates (BVR) at 30-min intervals between March and Dec. 2003 were 
available from the direct measurement method. BVR at bi-hourly intervals for Jan. and Feb. 
2003 were obtained from semi-hourly data collection based on CO2 balance method, validated by 
Li et al. (2004). According to Li et al. (2004), bi-hourly VBR from CO2 balance method were not 
significantly different from the direct method.  
MP was calculated by the following steady-state equation, at 2-hr and 30-min intervals for Jan.-
Feb. 2003 and the rest of the year, respectively. 
MP= ρ V (We – Wo)                                                 (1) 
where  
 MP           = moisture production rate, kg s-1 house-1
 We, Wo     = humidity ratio of exhaust and outside air, respectively, kg kg-1
 V              = building ventilation rate, m3 s-1 house-1
 ρ              = air density, kg m-3
Spurious data caused by occasional sensor failure were excluded from analysis. A total of 1,357 
observations (512 for the older flock from 16 sample days and 844 for the younger flock from 18 
sample days) were retained for further analysis. Psychometric properties of the air were 
determined by equations from the ASAE Standards (2003). Building MP was converted to 
specific values (per kg hen body mass). The data were split into two groups: younger (20-42 wk) 
flock and older (97-119 wk) flock. The impact of BVR on MP was also examined by dividing the 
data of each flock into cold condition (outside temperature To <5oC) and mild condition (outside 
temperature To >5oC).  
RESULTS AND DISCUSSION 
Table 1 summarizes MP and the associated environmental conditions and production stages for 
the layer house. 
MP under Cold Weather Conditions 
No strong linear trend was apparent between MP and any of the tested variables for both flocks 
(Table 2, fig. 2). The relationship of MP and Ti is shown in figure 3. When Ti was between 18 
and 23oC, MP fluctuated within small ranges for both flocks during dark or light period. MP 
averaged 3.68 and 2.72 g h-1 kg-1 for the younger flock under light and dark condition, 
respectively; and averaged 3.20 and 2.27 g h-1 kg-1 for the older flock under light and dark 
condition, respectively. MP was 15% and 19.8% higher under light condition than under dark 
condition for the younger and older flock, respectively. The magnitude of MP reduction by 
darkness was similar to that (15% to 23%) measured by Chepte et al. (2004) for pullets and 
layers in environment-controlled calorimeter chambers. The time-weighted average (TWA) MP 
of the older flock (2.57 g h-1 kg-1) was 26% lower than that of the younger flock (3.49 g h-1 kg-1). 
Regression Modeling 
MP in the house results from both bird respiration and evaporation of feces. MP is influenced not 
only by house temperature (ASAE 2003, CIGR 1999) but also by other parameters, such as 
ventilation rate and properties of the inlet air. For a given BVR, drier incoming air would pick up 
moisture the feces surface at a faster and higher rate due to greater vapor pressure deficit (VPD). 
Based on the mechanism of moisture transport, the following parameters were selected for 
development of regression models: inside dry-bulb temperature (Ti) and RH (RHi), outside dry-
bulb temperature (To) and RH (RHo), inside and outside water vapor pressure (Pwi, Pwo) and water 
vapor pressure deficit (VPD). JMP and SAS (SAS Institute Inc. Cary, NC) software was used for 
164
the variable selection and model development. For both flocks, non-linear patterns were found 
between MP and each of the environmental variables, suggesting the need of certain 
transformation of the data. With a natural log transformation, Ln(MP) showed better linearity 
with the variables. Multivariate scatterplot matrixes of the data were drawn for both flocks, 
respectively (fig. 2).  The correlation matrix is presented in Table 2. The best model was selected 
by the SAS Proc reg AIC CP RMSE. Those explanatory variables with strong linear correlations 
(multicollinearity) should be avoided to appear together. Several variable combinations, having 
the smallest RMSE (root mean square error) and large R2, were selected for further testing of the 
significance by using SAS routine Proc glm, which provided the significance level (p-value) for 
each variable in the general linear regression. Then a regression model including Ti and VPDo 
was selected for the best fit.  Because of the significant reduction in MP from light to dark period 
(Table 1), a variable Lighting (0 dark and 1 for light) was introduced into the model. The final 
model had the following form:  
             (2) LightingT+VPD)( io ×+××+= dcbaMPLn
where   
VPDo = water vapor pressure deficit of outside air, kPa 
Effects of Ti on MP 
The effects of Ti on MP under mild conditions are shown in Table 3. Without consideration of 
other variables, the regression of Ln(MP) vs. Ti accounted for 77% (R2=0.77) and 64% (R2=0.64) 
of the total variation of the mean for the older and younger flock, respectively. Inclusion of VPDo 
and Lighting increased R2 to 0.81 and 0.66. The inclusion of VPDo and Lighting changed the 
coefficient of Ti from 0.137 to 0.092 for the older flock and from 0.103 to 0.097 for the younger 
flock. The coefficients for Ti indicted that MP increases with house temperature. The slight 
difference of the coefficients of Ti (0.092 vs. 0.097) for the two flocks might be caused by 
different metabolic rates and thus MP due to hen age difference. The relationship between MP 
and Ti for both flocks under TWA conditions is shown in figure 4. 
Effects of VPDo on MP 
The term of VPDo was only introduced into the regression model for the older flock (p-value 
<0.0001). Without consideration of other variables, R2 of Ln(MP) vs. VPDo was 0.68 for the 
older flock.  During the cold weather, VPDo varied within a smaller range, a psychrometric 
characteristic of the cold air. The same was true with MP when Ti remained relatively constant. 
When To is below 0oC, no matter how RHo changed, VPDo is less than 0.5 kPa. Therefore, the 
effect of VPDo would not be of concern in cold winter, when the minimum BVR is based on 
moisture removal.  In contrast, in mild and dry weather, VPDo would significantly affect MP 
because the higher BVR and higher VPDo would potentially make the air absorb more moisture 
from manure or other water sources as the air passes through the building. The relationship 
between TWA MP and VPDo at Ti of 23oC or 30oC is shown in figure 5. It should be noted that 
when Ti begins to rise with To, the primary function of ventilation will be shifted from moisture 
control to air temperature control. 
Effects of Lighting on MP 
Under light condition (Lighting =1) (Table 3), Exp(0.1036*1) =1.11 and Exp(0.1325*1) =1.14, 
indicating that MP would increase to 111% and 114% of that in darkness for the younger and the 
older flock, respectively.  This predicted light-dark effect was different from that under the cold 
conditions of 15% and 19.8% reduction, presumably due to a greater contribution of MP from 
evaporation of the feces at the mild condition.  
With regression equation 2 and the data from Table 3, relationships between observed MP and 
predicted MP are shown in figure 6. 
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Comparison with Literature Data 
MP varied from 2.03 to 10.15 g h-1 kg-1 for the younger flock and from 1.57 to 11.74 g h-1 kg-1 
for the older flock. For the cold weather, MP averaged 3.49 and 2.57 g h-1 kg-1 for the younger 
and the older flock, respectively (Table 1). In comparison, Feddes et al. (1985) reported a value 
of 2.2 g h-1 kg-1 for a commercial layer house with manure belt. Riskowski et al. (1977) reported 
a MP value of 1.7 g h-1 kg-1 for 1.7 kg Hy-Line W-36 hens in a calorimeter study at 23oC air 
temperature. A series of recent large-scale, relatively long-term calorimetric studies by Chepete 
et al. (2004) with W-36 hens produced MP values of 4.00, 4.89 and 4.66 g h-1 kg-1 for 21, 37 and 
64 wk hen, respectively, at 24oC constant air temperature. 
Figure 7 compares the MP values derived from predictive equations of CIGR (1999), MP listed 
in the ASAE Standards EP270.5 (2003), and regression results from the current study. The ASAE 
Standards (2003) shows MP of 2.9 and 3.8 g h-1 kg-1 at house temperature of 18 and 28oC, 
respectively. MP for the 20-42 wk flock of the current study was always greater than PM of 
CIGR (1999) or the ASAE Standards (2003). MP for the 97-119 wk flock, on the other hand, was 
slightly lower than the ASAE Standards value (2.9 g h-1 kg-1) under the cold conditions. As Ti 
increases, MP values of the 97-119 flock surpass those of CIGR (1999) and the ASAE Standard 
(2003), presumably a result of increased ventilation rate thus greater air velocity across the 
surface of manure, which in turn caused more water evaporation from the feces. 
CONCLUSIONS 
Moisture production rate (MP) of a modern commercial laying hen house with manure belt and 
tunnel-ventilation was quantified from two age flocks during a one-year period. The following 
conclusions were drawn from this field study. 
• MP remains relatively constant when inside air temperature (Ti) is below 22°C, and 
increases with Ti above that. MP is rather independent of water vapor pressure deficit of 
the inlet air during cold weather (i.e., at outside temperature <5 oC).   
• Regression equations were established to predict MP of the commercial layer house over 
common ranges of outside temperature (-17 to 29oC), RH (30% to 98%), Ti (18-32oC), 
age condition (20-42 wk and 97-119 wk) and lighting condition (light or dark). 
• MP tends to be affected by flock age, with MP of the 97-119 wk flock being 26% lower 
than that of the 20-42 wk flock under the housing conditions encountered in this study.  
• Switching from light or darkness causes significant reduction in MP, 15% to 20% in this 
case. 
• MP data of the tunnel-ventilated layer house with manure belt provide new information 
for updated standards for design and operation of laying hen houses. 
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Table 1. Summary of moisture production rate (MP) and environmental conditions for the W-36 layer house 
with manure belt 
 97-119 wk (January-June) 20-42 wk (July-December) 
 Cold (To<5oC) Mild (To >5oC) Mild (To >5oC) Cold (To <5oC) 
 Light Dark TWA Light Dark TWA Light Dark TWA Light Dark TWA 
MP, g h-1 kg-1   
mean 2.72 2.27 2.57 5.30 3.67 4.72 5.71 4.34 5.29 3.68 3.20 3.49 
max 3.30 2.65 3.30 11.74 5.94 11.74 10.15 9.29 10.15 5.29 5.26 5.29 
min 2.08 1.57 1.57 2.56 2.54 2.54 2.35 2.03 2.03 2.04 2.01 2.01 
Ti, oC 
mean 23.0 21.9 22.6 26.7 25.1 26.1 25.9 24.0 25.3 21.1 21.0 21.1 
max 25.3 23.5 25.3 32.8 28.1 32.8 31.4 28.8 31.4 24.4 23.7 24.4 
min 20.1 20.3 20.1 22.4 22.7 22.4 19.6 20.6 19.6 18.5 18.7 18.5 
RHi, % 
mean 40 43 41 49 53 50 52 63 55 52 55 53 
max 50 52 52 60 60 60 75 76 76 66 68 68 
min 33 39 33 34 45 34 36 46 36 45 47 45 
To, oC 
mean 0.6 -2.4 -0.4 16.3 13.7 15.4 18.8 16.2 18.0 1.1 1.1 1.1 
max 11.6 2.5 11.6 29.4 23.7 29.4 28.3 24.9 28.3 9.6 8.6 9.6 
min -17.2 -16.6 -17.2 3.4 3.2 3.2 5.1 4.2 4.2 -6.5 -4.7 -6.5 
RHo, % 
mean 76 86 80 72 81 75 60 82 67 79 83 81 
max 98 98 98 97 96 97 97 97 97 95 96 96 
min 39 60 39 30 52 30 28 49 28 47 61 47 
The mean number of bird per flock was 95760 (97-119 wk), 101605 (20-42 wk) 
The mean body weight was 1.57 kg bird-1 (97-119 wk), 1.41kg bird-1 (20-42 wk) 
Ti, To= inside and outside air temperature, respectively; RHi, RHo= inside and outside relative humidity, respectively 
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Table 2. Correlation of Ln(MP) with individual variables for 20-42 and 97-119 wk flocks under cold 
conditions (outside temperature <5oC) and mild conditions (outside temperature >5oC) 
Flock  RHi Ti RHo To VPDo VPDi
Mild -0.1201 0.8024 -0.4145 0.7012 0.6100 0.5170 Young 
Cold 0.4124 0.0659 0.1380 -0.3344 -0.2026 -0.2157 
Mild -0.5303 0.8753 -0.7462 0.8115 0.8243 0.8089 Old 
Cold -0.1801 0.4290 -0.2166 0.1246 0.2089 -0.0161 
RHi,RHo= Inside and outside relative humidity, respectively, % Ti,To= Inside and outside dry-bulb temperature, 
respectively, oC VPDi, VPDo = Inside and outside water vapor pressure deficit, respectively, kPa, defined as VPD 
= saturated water vapor pressure - actual water vapor pressure 
 
Table 3. Regression coefficients of the statistical model for 22-42 wk and 97-119 wk flock under mild conditions (outside 
temperature >5oC),   MP = Exp(a + b×VPDo + c× Ti + d×Lighting) 
20-42 wk (R2=0.66, RMSE=0.1987)   (467 observations) 
Variable Coefficient Standard Error 
Significance 
Level 
a -0.911 0.0897 <.0001 
b N/A N/A N/A 
c 0.0968 0.0037 <.0001 
d 0.1036 0.0212 <.0001 
97-119 wk (R2=0.81, RMSE=0.1583) (357 observations) 
Variable Coefficient Standard Error 
Significance 
Level 
a -1.0843 0.1963 <0.0001 
b 0.1317 0.0260 <0.0001 
c 0.0919 0.0186 <0.0001 
d 0.1325 0.0081 <0.0001 
 
 
 
Figure 1.  Schematic layout of the manure-belt layer house showing the end and cross-section of the house and the 
sampling locations (Ο HOBO T/RH logger, Gas sampling port,  PMU) 
 
 
Figure 2. Multivariate scatterplot matrix among Ln(MP) and explanatory variables 
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Figure 3.  Specific MP vs. inside temperature under cold conditions (outside temperature <5oC) 
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Figure 4. Specific MP vs. inside housing temperature under time-weighted average conditions (Data points 
were based on 30-min intervals) 
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Figure 5. MP vs. VPDo for 97-119 wk flock under time-weighted average conditions 
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Figure 6. Comparison of observed MP and predicted MP by regression models 
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Figure 7. Comparison of predicted moisture production (MP) from the current study vs. literature values 
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